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We demonstrate experimentally a new type of Bound state In the Continuum (BIC) which is
induced by the vertical symmetry breaking of a photonic crystal slab. Such BIC emerges from the
hybridization between Bloch resonances of opposite parities once the vertical symmetry is broken,
and is observed in the vicinity of the anticrossing point at the lower hybrid band of the energy-
momentum diagram. All experimental results are nicely reproduced by numerical simulations, and
in good agreement with an analytical model based on Friedrich-Wintgen framework. Together with
the possibility of dispersion engineering by vertical symmetry breaking, our results open the way to
tailor photonic states in the entire complex plane to study non-hermitian photonics.
At the dawn of quantum mechanics, von Neumann and
Wigner predicted that the solution of Schro¨dinger equa-
tion can support creation of perfect bound states embed-
ded in the continuum spectrum of scattered states [1].
Once considered as a mathematical curiosity, the exis-
tence of BICs was explained by Friedrich and Wintgen in
1985 as the result of a destructive interference between
two resonances coupled to the same radiation channel [2].
This seminal work has paved the way to study these
peculiar localized states in both quantum and classical
platforms: atomic and molecular system [3–5], solid-state
and mesoscopic physics [6–8], water waves [9] and pho-
tonic structures [10–14].
The research on BICs is one of the most active top-
ics of contemporary photonics. Due to its interferential
nature, the formation of BICs is strongly related to the
symmetries (in-plane and vertical symmetry) of the pho-
tonic structure. The early works on BICs in photonic lat-
tice focused mainly on the so-called symmetry-protected
BICs which appear at the center of the Brillouin zone
(i.e. Γ point) of photonic lattices [15, 16]. The origin
of these BICs are very intuitive: they are antisymmet-
ric Bloch resonances of photonic crystal exhibiting an
in-plane symmetry, thus cannot couple to plane waves
of the radiative continuum. Despite its “trivial” origin,
the symmetry-protected BICs have led to the demonstra-
tion of fascinating features such as vector-beam lasing
emission [17, 18] and exceptional points [19, 20]. Recent
research on photonic BICs have turned the focus onto
off-Γ BIC [10, 16, 21] which can be tuned in the momen-
tum space by modifying the lattice parameters [22, 23].
These works are motivated by both fundamental interest
(accidental symmetry [21], topological nature [12]) and
device applications (tunable and steerable lasing emis-
sion [11, 24, 25]). However, most of reported works on
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off-Γ BIC only consider the interference between modes
of the same vertical parity, thus requires designs having
vertical symmetry. Such restriction not only limits the
configuration of the photonic stack, but also makes it
very challenging for the fabrication and characterization
of these structures with suspended slab [11] or matching-
index liquid [10].
In 2018, Wang et al reported a theoretical proposal of
using TE-TM coupling for conceiving BIC [26]. Although
this work considers a complex bilayer design, with only
BIC creation at the Γ point, it suggests that in the ab-
sence of vertical symmetry, mode coupling will play a
crucial role for photonic BIC. Very recently, two differ-
ent groups have predicted creation of off-Γ BICs in the
vicinity of anticrossing point arising from the repelling
between modes of different diffraction orders [27], or be-
tween a photonic mode and a plasmonic mode [14]. At
the same time, in the scheme of single sub-wavelength
resonator, thus without any lattice, quasi-BIC condi-
tion has been discovered and demonstrated experimen-
tally in the microwave domain with the strong mode cou-
pling regime between resonances of different natures [28].
Hinted by these proposals, we expect that off-Γ BICs can
emerge from the avoided crossing between modes of op-
posite parities when breaking the vertical symmetry.
In this Letter, we propose a new type of off-Γ BIC
which does not require a vertical symmetry design. Quite
the contrary, this BIC is induced by breaking the vertical
mirror symmetry of photonic crystal slab; and is resulted
from the coupling between Bloch resonances of opposite
vertical parities. In the fabricated sample, the vertical
symmetry of the photonic crystal slab is broken due to a
partial corrugation along its thickness, combined with the
presence of a substrate. The off-Γ BIC is experimentally
observed in the vicinity of the anticrossing point of the
energy-momentum diagram. All of our measurements are
nicely reproduced by numerical simulations. Moreover,
the experimental results are in perfect agreement with an
analytical model based on Friedrich-Wintgen formalism.
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2Our results open the way to engineer tunable BICs in
photonic structure in the absence of vertical symmetry
to study non-hermitian physics.
FIG. 1. (a) Sketch of photonic crystal slab with a perfect ver-
tical symmetry breaking. The dashed rectangle corresponds
to a unit cell.(b,c) Distribution of the electric field intensity
|E(x, y = 0, z)| of the first (b)even and (c)odd modes of s-
polarization in photonic crystal slab of square lattice of air
holes.(d) Sketch of photonic crystal slab with broken vertical
symmetry. (e) Avoided crossing from the coupling between
modes of opposite parities when breaking the vertical symme-
try. The color code illustrates the weight of different parities
in the corresponding mode. The line thickness represents the
radiative losses of the corresponding modes into the radiative
continuum. Dashed lines illustrate dispersions of uncoupled
modes (red for even mode and blue for odd mode).
We first discuss the principle of off-Γ BIC induced by
vertical symmetry breaking. In photonic crystal slabs
(1D or 2D lattice) presenting vertical symmetry [i.e. mir-
ror symmetry having symmetry plane z = 0 as shown in
Fig. 1(a)], Bloch modes are divided into two orthogonal
families: even and odd parities. Figures. 1(b,c) depicts
two illustrations of the distribution of electric field inten-
sity corresponding to even mode [Fig. 1(b)] and odd mode
[Fig. 1(c)]. The vertical symmetry can be broken by sim-
ply considering a slab of the same thickness but with par-
tial corrugation along z-axis [Fig. 1(d)]. In the absence of
vertical symmetry, the even and odd resonances will be
coupled and become hybrid modes. Such coupling results
in avoid crossing of the eigenvalues in the complex plane.
In the framework of Friedrich-Wintgen, the coupling of
odd-like and even-like resonances can be described by a
non-hermitian Hamiltonian, given by [16, 29]:
HFW (~k) =
[
Ee κ
κ Eo
]
− i
[
γe
√
γeγoe
iψ
√
γeγoe
iψ γo
]
(1)
Where Ee(o)(~k), depending on wavevector ~k, correspond
to the energy-momentum dispersions of the uncoupled
even(odd)-like modes; γe(o) are their radiative losses; κ is
the coupling strength, induced by the vertical symmetry
breaking; and ψ is the phase-shift between two modes.
In our system, the two modes are localized in the same
slab, thus ψ ≈ 0. This is in contrast to the case of Fabry
Perot BIC obtained via coupling between identical but
far-apart localized resonances [16, 29–31]. In the follow-
ing, we assume that ψ = 0, unless stated otherwise in the
discussion part at the end of the paper.
The energy Eupper(lower) and the radiative losses
γupper(lower) are given respectively by the real and imag-
inary parts of the complex eigenvalues Ωupper(lower) of
HFW . From the expression of HFW , we note that there
is a radiative exchange between the two modes and the
total radiation rate is conserved: γupper+γlower = γe+γo.
The necessary and sufficient conditions for a BIC forma-
tion is the Friedrich-Wintgen criterion, given by:
Ee − Eo = κ(γe − γo)√
γeγo
(2)
ψ = pin (3)
where n is an integer.
In our system, we have assumed that ψ = 0, thus only
eq. (2) to be satisfied. Once such condition is satisfied,
the complex eigenvalues of HFW can be written as:
Ωupper =
Ee + Eo
2
+
κ(γe + γo)
2
√
γeγo
− i(γe + γo) (4)
Ωlower =
Ee + Eo
2
− κ(γe + γo)
2
√
γeγo
(5)
As consequence, the Friedrich-Wintgen criterion corre-
sponds to an extremist scenario of loss exchange: the up-
per mode will take all losses (i.e. γupper = γe + γo) while
the lower mode is a BIC (i.e. γlower = 0). Moreover,
if γe ≈ γo, the Friedrich-Wintegen condition of eq. (2)
will correspond to Ee ≈ Eo. In this case, with κ > 0,
the vertical symmetry breaking will induce a BIC on the
lower hybrid mode, in the vicinity of the anticrossing
point of midgap energy EAC and wavevector ~k = ~kAC
[see Fig. 1(e)].
FIG. 2. (a) Sketch of the the fabricated sample, with a =
354 nm, d = 160 nm, h = 130 nm,  = 43%, (b) AFM image
of the structure.
To demonstrate experimentally the off-Γ BIC induced
by vertical symmetry breaking, we employ a similar
structure to the one reported for the first observation
of off-Γ BIC [10]: square lattice of holes in SiNx slab on
3FIG. 3. (a) Experimental measurements and (b) Numerical simulations of the s-polarized angle-resolved reflectivity. (c)
Distribution of the electric field intensity |E(x, y = 0, z)| on different points of the upper and lower band of (b).
glass substrate, but the vertical symmetry of our sample
is broken due to a partial etching of the SiNx slab and
no use of index matching liquid [see Fig. 2(a)]. Our sam-
ple consists of h = 130 nm of SiNx which is deposited on
top of fused silica substrate via Plasma-Enhanced Chem-
ical Vapor Deposition. Electron beam lithography and
Reactive Ion Etching are used to pattern 80 × 80µm2
square lattice of period a = 354 nm and hole diameter
d = 160 nm. The etching process is carefully controlled
so that the SiNx slab is only partially etched. The etch-
ing depth corresponds to a fraction of  = 43% of the
total thickness [see Fig. 2(a)].
Angle-resolved reflectivity experiment is performed to
obtain the energy-momentum dispersion of the fabricated
metasurface. A collimated halogen light is focused onto
the photonic crystal structure via a microscope objec-
tive (x20, NA=0.42), forming a spot-size of 20µm. The
scattered light is collected via the same objective and its
image in Fourier space is projected onto the entrance slit
of a spectrometer. The sample orientation is aligned so
that the ΓX direction is along the entrance slit. The
output of the spectrometer is coupled to a CCD camera,
and the image obtained from the camera leads directly
to the energy-momentum dispersion diagram along ΓX.
The results of experimental measurement in s-
polarization (i.e. Ey) are depicted in Fig. 3(a) [32], show-
ing the band dispersion of the first four Bloch resonances.
They are Fano resonances resulting from the coupling
of Bloch mode with the radiative continuum. Their in-
tensity is proportional to the radiative losses (i.e. cou-
pling strength to the continuum). Three BICs (two at Γ
point and one at θBIC = 9.7
◦) which correspond to local
vanishings of Fano resonances in the momentum space
are observed. The two BICs at Γ point are symmetry-
protected BICs and well documented in the literature of
square lattice photonic crystals [15]. We now focus our
discussion on the off-Γ BIC. This BIC is in the vicinity
of the anticrossing point between the third and fourth
modes. As reported in Ref [15], the third and fourth
modes are respectively even (TM-like) and odd (TE-like)
modes of square lattice photonic crystal having vertical
symmetry. The off-Γ BIC is then a symmetry-breaking
BIC as described at the beginning of the paper.
To confirm the origin of the observed off-Γ BIC, nu-
merical simulations based on Rigorous Coupled Wave
Analysis (RCWA) method are performed, using a freely
available software package [33]. For these simulations,
we use nSiNx = 2.03 and nSiO2 = 1.46 as provided by
ellipsometry measurements in the considered wavelength
range. As shown in Fig. 3(b), the numerical results re-
produced perfectly the band diagram of the experimental
data and all three BICs mentioned previously are clearly
evidenced. Figure 3(c) depicts the distribution of the
electric field intensity corrsponding to six different points
of the upper and lower band [point M, N, P, Q, R and S in
Fig. 3(b)]. Comparing these distributions to the ones of
even [Fig. 1(b)] and odd [Fig. 1(c)] modes of the design
with vertical symmetry, it shows that: i) Far from the
anticrossing point, the upper and lower band are either
even-like (point Q and P) or odd-like (point M and S); ii)
At the anticrossing point (point N and R), the mixing be-
tween odd- and even-likes parities is balanced. Thus the
off-Γ BIC observed on the lower band, is indeed resulted
from the coupling between modes of opposite parities.
4FIG. 4. (a,b) Reflectivity spectra at different incident angles in the vicinity of the anticrossing angle θAC , obtained from (a)
experimental measurements, (b) RCWA simulations. (c,d) The energy of the upper and lower band as a function of the incident
angle. These data are extracted from resonance peaks in reflectivity spectra of (a,b). The solid red lines correspond to the
fittings using the analytic model. (e) The radiative linewidth of the upper and lower band as a function of incident angle.
These data are extracted from the resonance peaks in reflectivity spectra of RCWA simulations. The solid red line corresponds
to the fitting using the analytic model. All analytic fitting in (c,d,e) has been obtained with a single set of parameters. (f) The
fraction of even-like modes in the upper and lower band, calculated using the analitical model.
A deeper insight of the emergence of symmetry-
breaking BIC is gained by investigating the experimental
and numerical results in the vicinity of the anticross-
ing point. Figure. 4(a) and (b) represents measured
and simulated reflectivity spectra corresponding to in-
cident angles in the range of θAC ± 5◦ with a step of
0.5◦. Both shows that the BIC is not exactly at the
incident angle of the anticrossing but slightly shifted:
θBIC = θAC + 0.5
◦. This suggests that the Friedrich-
Wintgen criterion of eq. (2) occurs “after” the anticross-
ing point (i.e. Ee > Eo), thus γe is slightly larger than
γo. The complex eigenvalues of the upper and lower band
can be extracted from the spectral position and linewidth
of resonance peaks of the reflectivity spectra. For the real
part, the energy of the upper and lower band as a function
of the incident angle are depicted in Fig. 4(c) (for exper-
imental data) and Fig. 4(d) (for numerical data). For
the imaginary part, since the experimental resonances
exhibit both radiative losses and “’non-radiative losses”
(i.e. in-plane losses due to the finite size of the excited
region and fabrication imperfections), the linewidth of
experimental reflectivity peaks overestimates the radia-
tive losses. Thus we only extract the linewidth of the
reflectivity peaks from RCWA simulations in which the
excited region is considered infinite. These results are
obtained by fitting the reflectivity peaks of each angle
with Fano profile. Interestingly, as shown in Fig. 4(e),
the BIC in the lower band coincides with the maximum
of the radiative losses in the upper band. This is in good
agreement with loss exchange mechanism at Friedrich-
Wintgen BIC: when one of the hybrid modes becomes
lossless, the other takes all the losses.
The validation of the Friedrich-Wintgen nature for our
symmetry-breaking BIC is completed with an analytical
fitting of the experimental and numerical complex eigen-
values. To minimize the number of fitting parameters,
we assume that in the vicinity of the anticrossing point
(i.e. θAC±5◦): i)The radiative losses of uncoupled modes
γe(o) varies slowly with the wavevector and can be con-
sidered constant; ii) The dispersions of uncoupled modes
are linearly changes away from the anticrossing point:
Ee(o)(θ) = αo(e).(θ − θAC) + EAC . With these hypothe-
sis, the only fitting parameters are κ, γe(o) and αe(o). The
red lines in Fig.3(c,d,e) are the analytical fittings of the
real part [Fig.4(c,d)] and imaginary part [Fig.4(e)] with
a single set of parameters: κ = 18 meV, γe = 5.75 meV,
γo = 3.45 meV, αe = 1.26 eV/rad and αo = 0.15 eV/rad.
The theoretical prediction is in good agreement with the
experimental and numerical data. The analytical model
diverges from the simulation while going away from the
anticrossing point in Fig. 4(e). Indeed the linewidths
of both even and odd modes are taken constant in our
model while it may vary depending on the angle. To il-
lustrate the hybrid nature of the upper and lower band,
the fraction of even-like component in each band is cal-
culated from the fitting parameters and represented in
Fig. 4(f). This result is coherent with the distribution
of electric field intensity in the upper and lower band as
discussed previously [Fig. 3(c)]. Moreover, the coupling
strength κ = 18 meV is also in good agreement with the
5value given by numerical estimation [32].
FIG. 5. Evolution of normalized γlower and γuppper depending
on the angle for different aspect-ratios (blue : 0.8; green :
0.5; red = 0.2). Squares and circles stand respectively for
the lower and upper modes and full lines are corresponding
analytic models. The dotted lines represent the positions of
θBIC for the different aspect ratios.
We now discuss on the robustness of the symmetry-
breaking BIC. We performed RCWA simulations for the
same design [Fig. 2(a)] but with different etching co-
efficient . For a spectral resolution corresponding to
Q ∼ 105, the numerical results show that the symmetry-
breaking BIC - vanishing of Fano resonance on the dis-
persion curve - emerges and stays robust for every etch-
ing coefficient  smaller than max ≈ 65 % [32]. But for
 > max, while a minimum/maximum of linewidth of
the lower-branch/upper-branch in the vicinity of the an-
ticrossing point is still observed, there is no vanishing of
the Fano resonance [32]. As a consequence, the quantum
interference always occurs, but we do not have a perfect
destructive interference. Indeed, although the two modes
are localized in the same slab, the phase-shift ψ between
odd- and even-like modes are extremely small but not
exactly zero. An authentic BIC configuration can only
be obtained accidentally (ψ only equal to zero for a given
value of ). However, for a broad range of etching fac-
tor, the phase-shift is small enough (ψ < 0.01pi), and
the diagonalization of the Hamiltonian given by eq. (1)
with ψ = 0 is a very good approximation. That explains
why the simplified model is enough and reproduces suc-
cessfully the experimental and numerical results. As a
matter of fact, except an accidental configuration, the
symmetry-breaking BIC is only a quasi-BIC of which the
quality factor is very high but not infinite (∼ 105 in our
sample design). Nevertheless, our results provide an ele-
gant and simple way to obtain quasi-BICs of quality fac-
tor high enough for a wide range of photonic applications
such as micro-lasers and sensors.
Finally, we investigate the tunability of the reported
quasi-BIC. Indeed, by modifying the geometrical param-
eters (hole diameter d, total thickness h), the effective
index of the even and odd-like modes will be changed,
leading to a displacement of the anticrossing point in the
Fourier space. As a consequence, it is possible to tai-
lor the angular position of the symmetry-breaking BIC
for the same stack design. To illustrate such tunability,
Fig. 5 represents the angular position θBIC correspond-
ing to different different aspect-ratios d/a while keeping
fix all other parameters. It shows that the BIC can be
dragged freely from 8.4◦ to 10.3◦. Again, our simple an-
alytical model reproduces nicely the linewidths obtained
from RCWA simulations.
In conclusion, making use of hybridization between
Bloch resonances of opposite vertical parities, we
have demonstrated experimentally a new type of off-
Γ Friedrich-Wintgen quasi-BIC that we call symmetry-
breaking BIC. This robust and mobile quasi-BIC is sim-
ply obtained by working with photonic crystal slab hav-
ing partial corrugation, and on a substrate. While only
consider square lattice design, our concept is directly
extended to any type of photonic crystal slab. More-
over, we have recently demonstrated the possibility of
tailoring on-demand the real part of photonic dispersion
of photonic crystal by the same symmetry breaking ac-
tion [34]. Combined with the BIC engineering reported
in this work, it would open the way to engineer the pho-
tonic eigenvalues in the entire complex plan for study-
ing topological features of non-hermitian and parity time
symmetry physics [35–37].
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